Rhus semialata Murr. var. roxburghiana DC. stem (RSRS) is a Taiwanese native folk medicine for anti-inflammation and the treatment of diarrhea and liver disease. Five extracts and a main constituent, gallic acid, elucidated inhibitory effects on ferrous ion-induced lipid peroxidation (LPO) in mice liver mitochondria (IC 50 : 10.8 ± 0.7 -55.2 ± 0.6 and gallic acid: 36.1 ± 3.1 µg/mL). None of the samples tested induced LPO production. The IC 50 values for antioxidant activities were 1) 1,1-diphenyl-2-picryl-hydrazyl (DPPH) scavenging: 1.5 ± 0.08 -56.2 ± 1.1 µg/mL; 2) superoxide anion radical scavenging: 53.5 ± 0.7 -226.6 ± 2.1 µg/mL; 3) hydrogen peroxide scavenging: ethyl acetate (EA) and acetone extracts 264.2 ± 4.7 and 208.0 ± 1.9 µg/mL, respectively; and 4) ferric-reducing antioxidant power (FRAP): EA extract, equivalent Trolox 116.4 ± 0.3 μΜ. The total phenolic content of the extracts was 82.0 ± 2.1 -455.2 ± 9.3 μg gallic acid equivalents/mg. The highest flavonoid and flavanol contents of the extracts were acetone extract 30.9 ± 2.7 μg rutin equivalents/mg and water extract 10.9 ± 0.05 μg epicatechin equivalents/mg. Next, the gallic acid content of each extract was quantitatively analyzed using high-performance liquid chromatography (HPLC), which showed one main peak. Based on this evidence, RSRS and gallic acid may be used as a potential antioxidant and LPO inhibitor for developing a natural liver-protective phytochemical.
Oxidative stress (OS) is a common factor in liver injury. OS is mainly caused by the imbalance of reactive oxygen species (ROS) with antioxidant enzymes in the human body. ROS, such as O 2 -, H 2 O 2, and OH·, are reactive derivatives of oxygen from the mitochondria that support diverse functions of the liver [1a] . Therefore, antioxidants are thought to be an effective therapeutic strategy for the treatment of hepatitis because their reaction counteracts the damage of ROS [1b, 1c] . Metals, such as iron and copper, are important to the biological system. However, the disruption of ion homeostasis causes the OS to generate carcinogenic malondialdehyde (MDA) and tissue damage, which leads to disease [2a] . In general, the degradation of lipids is caused by OS producing lipid peroxidation (LPO) , in which free radicals play an important role by attacking the electrons of the lipids in cell membranes, resulting in toxicity and damage to most body cells. A ferrous ion reacts with H 2 O 2 to form OH·, and the reaction formula is typically seen as Fe 2+ + H 2 O 2 → OH· + OH-+ Fe 3+ . However, iron is a popular mineral supplement; an overdose of iron causes LPO and free radical generation [2b, 2c] . In this study, we chose to use ferrous ion as an OS inducer in the liver mitochondria.
Taiwan has many ethnobotanicals used for folk medicine. R. semialata var. roxburghiana (RSR; syn. R. javanica var. roxburghiana) is most commonly distributed in Taiwan's mountains, and grows in thickets and secondary forests at low altitudes. It is a famous folk medicine: RSR stem (RSRS) is used for anti-inflammation and to treat hepatitis, and the leaf to treat coughs and snake bites. In addition, aboriginals use its fruit as a substitute for salt and its branches or leaves as dyes [3a] . Pharmacologically, it is anti-diarrheal [3b], acts as an antithrombin agent [3a] and breaks the pBR322 DNA plasmid [3c] ; it also inhibits tobacco mosaic virus [3d] . Gallic acid (3,4,5-trihydroxybenzoic acid) is a main constituent of RSR root [3e]. The ferrous ion-induced liver LPO-inhibitory effects of RSRS have not been studied. In our research, RSRS was extracted with different polarity solvents: nhexane, ethyl acetate (EA), acetone, ethanol, and water. The LPOinhibitory effects of RSRS extracts and gallic acid in mice liver mitochondria were investigated using thiobarbituric acid-reactive substance (TBARS) assays, and MDA (TBA) 2 products quantitatively analyzed using an ELISA spectrophotometer. Thereafter, each extract was used to detect the total polyphenol contents (phenol, flavonoid, and flavanol), ferrous ion-chelating activity, ferric-reducing antioxidant power (FRAP), and the scavenging activities of 1,1-diphenyl-2-picryl-hydrazyl (DPPH), superoxide anion radical (O 2˙-), and hydrogen peroxide. A quantitative analysis of gallic acid in RSRS extracts was conducted using HPLC. Using these studies, we hoped that the evidence gained could support the development of RSRS as a potential antioxidant and liver damage-protection phytochemical.
Dried RSRS was extracted with different polarity solvents. The yields of n-hexane, EA, acetone, ethanol, and water extracts were 0.70%, 1.24%, 1.66%, 0.14%, and 3.77%, respectively.
The LPO of polyunsaturated fatty acids leads to the formation of MDA and causes cellular injury, resulting in several pathological conditions. The TBARS method measures the amount of MDA(TBA) 2 , which is the product of LPO. In this study, ferrous ion-induced LPO-inhibitory effects of each extract, gallic acid and Trolox (as a positive control) were determined. The LPO-inhibitory effects (IC 50 ) of Trolox and gallic acid (i.e., the main constituent) were 9.2 ± 0.3 and 36.1 ± 3.1 μg/mL, respectively. The EA, acetone, and water extracts (IC 50 : 10.8 ± 0.7, 13.2 ± 1.1, and 21.3 ± 0.3 μg/mL, respectively) exerted a stronger effect than gallic acid. Besides, the IC 50 for n-hexane and ethanol extract were 55.2 ± 0.6 and 30.3 ± 0.4, respectively. The LPO-inhibitory capability of the extracts, gallic acid, and Trolox were dose-dependent.
LPO production damages liver tissue and organs and causes several pathological conditions. Therefore, we measured the LPO production of RSRS extracts and gallic acid in mice liver mitochondria. Based on the result of the LPO-inhibitory effects, all extracts and gallic acid were tested at concentrations of more than double their IC 50 dosage. None induced LPO production in mice mitochondria at concentrations of: n-hexane extract 120 μg/mL (double IC 50 ), EA extract 100 μg/mL (9 times IC 50 ), and ethanol extract 100 μg/mL (triple IC 50 ). The water (triple IC 50 ) and acetone extracts (4 times IC 50 ) were 60 and 50 μg/mL, respectively, and gallic acid (6 times IC 50 ) was 200 μg/mL.
The free radical-scavenging activities of each extract and gallic acid were determined using the DPPH method. The IC 50 for gallic acid was 0.9 ± 0.02 μg/mL. The EA and acetone extracts (IC 50 : 1.5 ± 0.08 and 1.7 ± 0.2 μg/mL, respectively) statistically exerted the same effects as gallic acid. In addition, the IC 50 for n-hexane, ethanol and water extract were 56.2 ± 1.1, 8.0 ± 0.6 and 5.9 ± 0.3, respectively. The DPPH free radical-scavenging activity of all the extracts and gallic acid were dose-dependent. Superoxide anion radical-scavenging activities, hydrogen peroxidescavenging activities, and FRAP (Trolox calibration curve: y = 0.0218x -0.0099; r 2 = 0.999) of the RSRS extracts and gallic acid are shown in Table 1 . SOD and catalase were used as the reference compounds in the superoxide anion radical-scavenging and hydrogen peroxide-scavenging assays, respectively.
Neither the RSRS extracts nor gallic acid exerted a significant ferrous ion-chelating ability, but the water extract showed a low ferrous ion-scavenging ratio: 9.2 ± 2.4% at a concentration of 100 μg/mL. In addition, the total phenolic, flavonoid, flavanol, and gallic acid contents of each RSRS extract are shown in Table 2 . The flavanol content of the n-hexane extract was not included because its solution was too cloudy to be measured. Gallic acid was shown to be a main constituent of the RSRS extracts in HPLC.
Gallic acid is an antioxidant constituent of RSR root [3e]. Pharmacologically, it is believed to have anti-cancer, antiinflammatory, cardioprotective, and anti-HSV-2 effects [4a-4c] . In our study, it also exerted high antioxidant and LPO-inhibitory effects {DPPH (IC 50 : 0.9 ± 0.02 μg/mL), superoxide radicalscavenging (IC 50 : 139.7 ± 2.3 μg/mL), hydrogen peroxidescavenging (IC 50 : 71.3 ± 1.5 μg/mL), and LPO inhibition (IC 50 : 36.1 ± 3.1 μg/mL)}.
The different polarity solvent extracts of RSRS were compared. We found that the EA extract had the highest antioxidant capability for DPPH-scavenging (IC 50 : 1.5 ± 0.08 μg/mL, equal to half that of gallic acid), superoxide radical-scavenging (IC 50 : 53.5 ± 0.7 μg/mL, equal to 2.5 times that of gallic acid), and LPO-inhibitory effects in liver mitochondria (IC 50 : 10.8 ± 0.7 μg/mL, equal to Trolox). HPLC analysis showed that gallic acid was a main antioxidant constituent of RSRS. In this study, we also found that RSRS did not produce LPO in mice liver mitochondria.
Furthermore, by using the Pearson correlation (Table 3) , the LPO inhibition showed a highly positive relationship with the DPPH radical-scavenging (r = 0.948, P = 0.014), superoxide anion radical- scavenging (r = 0.947, P = 0.015), and FRAP (r = 0.973, P = 0.005). This suggested that the anti-LPO mechanism of RSRS was mainly caused by these antioxidant activities. In contrast, the anti-LPO effect also showed a high correlation with the phenolic content (r = 0.897, P = 0.039), flavonoid content (r = 0.787, P = 0.114), and gallic acid content (r = 0.878, P = 0.050). Therefore, the polar solvent extracts showed a greater LPO inhibitory effect than the non-polar extracts because of the higher gallic acid content.
Conclusively, polyphenol-rich RSR is an LPO inhibitor and strong antioxidant, and gallic acid is a main bioactive constituent. The polar solvent extracts showed a greater LPO-inhibitory effect than the n-hexane extract due to their higher gallic acid content. This evidence suggests the potential of RSRS as a natural antioxidant for developing as a native liver damage-protective agent.
Experimental

Chemicals and reagents:
Horseradish peroxidase was purchased from Calzyme Laboratories Inc., sodium phosphate (Na 2 HPO 4 , NaH 2 PO 4 ), potassium phosphate (KH 2 PO 4 ), and sodium hydroxide (NaOH) from J.T. Baker, acetic acid from Kanto Chemical Co., Inc., ferric chloride 6-hydrate (FeCl 3 ·6H 2 O) from Panreac., hydrogen peroxide (H 2 O 2 ) from Fluka, dimethyl sulfoxide (DMSO), 2,2-diphenyl-1-picrylhydrazyl (DPPH), gallic acid, ethylenedinitrilotetraacetic acid (EDTA), ferrous chloride (FeCl 2 ), ferrozine, rutin, epicatechin, Trolox, 1,1,3,3-tetraethoxypropane (TEP), 2-thiobarbituric acid (TBA), aluminum chloride (AlCl 3 ), 4dimethylaminocinnamaldehyde (DMACA), Folin-Ciocalteu's phenol reagent, sodium acetate, nitro blue tetrazolium (NBT), βnicotinamide adenine dinucleotide in reduced form (β-NADH), superoxide dismutase (SOD), phenazine methosulfate (PMS), 2,4,6tripyridyl-s-triazine (TPTZ), phenol red solution, trifluoroacetic acid, and methanol from Sigma Chemical (St. Louis, MO). All chemicals and reagents were of analytical grade.
Animals: The Laboratory Animal Ethics Committee of China
Medical University approved the study protocol. The ICR mice were purchased from BioLASCO Taiwan Co., Ltd. Mice were housed in plastic cages in a temperature-and humidity-controlled environment, and bred at the Experimental Animal Center of China Medical University. All experiments were performed in accordance with the guidelines of the Experimental Animal Center of China Medical University, and the guiding principles for the care and use of laboratory animals were approved by the Chinese Society of Laboratory Animal Sciences, Taiwan. All efforts were made to minimize animal suffering and reduce the number of animals used.
Solvent extraction and sample solution preparation:
Fresh stems, harvested from Nantou County, Taiwan, were washed under tap water to remove impurities and dried in an air-circulating oven at 40°C for 48 h. Each dried RSRS (100 g) was refluxed and extracted with a 10-fold v/w of n-hexane, EA, acetone, and ethanol, as well as with water, twice, respectively. The filtrates were combined and concentrated using a vacuum rotary evaporator (Eyela CCA-1111) to remove the solvent. The concentrated solution was then dried using a lyophilizer. Each extract and gallic acid (20 mg) was separately dissolved in 1 mL DMSO to create stock solutions for the assays. The tested solution was serially diluted with PBS. The concentration of DMSO was less than 0.05%.
LPO-inhibitory effects in mice liver mitochondria
Preparation of mice liver mitochondria: Following the methods from a previous paper [5a] , male ICR mice (approximately 4-6 wk old) were killed using CO 2 , and the livers were removed as soon as possible, perfused with ice-cold PBS (0.1M, pH 7.4), and homogenized in a Potter Elvehjem homogenizer. The homogenate was suspended in PBS and centrifuged at 2000 rpm for 10 min at 4°C to separate the nuclear debris. The clear suspensions were recentrifuged at 13000 rpm for 10 min at 4°C to obtain the mitochondrial fraction and then suspended in PBS.
Determination of protein content:
Following the methods used in a previous paper [5b], different concentrations of protein solution were pipetted into 1.5 mL Eppendorf tubes, and the total volume was adjusted to 50 μL using PBS. A protein reagent was added and mixed with a vortex mixer. The absorbance at 595 nm was measured. The weight of the protein was plotted against the corresponding absorbance, resulting in a standard curve that was used to determine the protein in the mitochondrial solution.
Inhibitory effects of RSRS extracts and gallic acid on ferrous chloride-induced LPO production in mice liver mitochondria:
The assay for the liver mitochondria LPO was performed in accordance with the method by Wong et al. [5c] . The LPO inhibitory activity of each extract and gallic acid was determined using a TBARS assay and MDA (TBA) 2 products that were quantitatively analyzed using an ELISA reader (Synergy H4 Hybrid Reader). The reaction mixture solution volume, totaling 500 μL, contained 100 μL of liver mitochondria, 200 μL of a PBS buffer, 100 μL of a FeCl 2 solution (4 mM), and 100 μL of each extract. Gallic acid or standard (Trolox) was incubated at 37°C for 1 h, and then centrifuged at 4000 rpm for 10 min. The reaction was added to 375 μL of H 3 PO 4 , 200 μL of distilled water, and 125 μL of TBA. The reaction mixture was incubated at 90°C in an incubator for 66 min. Finally, the tubes were shifted to an ice bath, and 350 μL of methanol-NaOH (9.1: 0.9 v/v) was added and mixed well. The MDA (TBA) 2 product was quantitatively analyzed using an ELISA spectrophotometer (Synergy H4 Hybrid Reader). The data were recorded and the inhibition of LPO was calculated using the formula:
Inhibition activity (%) = ((A control (532 nm) -A sample (532 nm) ) / (A control (532 nm) -A blank (532 nm) )) × 100. The IC 50 values of each extract and gallic acid were calculated using a linear regression analysis, and the experiment was performed in triplicate. The results were expressed as mean values ± SD.
LPO production of RSRS extracts and gallic acid in mice liver mitochondria:
Each tested concentration of extract was based on the IC 50 of the LPO inhibitory effect. At least 2 times the concentration of the IC 50 was used to measure RSRS LPO production. The reaction mixture solution had a total volume of 500 μL, which contained 100 μL of the liver mitochondria (with 2.5 mg/mL of protein), 200 μL of PBS, 100 μL of either test extract solution or gallic acid, and 100 μL of distilled water. The solution was incubated at 37°C in an incubator for 1 h, and then this process was repeated. The product, MDA(TBA) 2 , was quantitatively analyzed using an ELISA spectrophotometer (Synergy H4 Hybrid Reader) at 532 nm.
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Antioxidant capability determination
DPPH free radical-scavenging activity of RSRS extracts and gallic acid:
Following methods used in a previous paper [5a] , the free radical-scavenging activity assay was measured using DPPH. In total, 100 μL of each RSRS extract solution or gallic acid was diluted with methanol and mixed with 100 μL of 50 μM DPPH in methanol. After 30 min, the absorbance was measured using an ELISA reader (Synergy H4 Hybrid Reader) at 517 nm. A lower absorbance of the reaction mixture solution indicated higher free radical-scavenging activity. The capability to scavenge DPPH radicals was calculated using the following equation: Scavenging activity (%) = (1 -A sample (517 nm) / A control (517 nm) ) × 100. The experiment was performed in triplicate. The results were expressed as mean values ± SD.
Superoxide anion radical (O 2˙-)-scavenging activity of RSRS extracts and gallic acid:
The O 2˙--scavenging activity of each RSRS extract and gallic acid was measured based on the method of Robak and Gryglewski [5d], with minor modifications. The O 2˙-was generated by dissolving O 2 in a non-enzymatic system of PMS-NADH coupling, which was measured by its ability to reduce NBT to a purple formazan compound. In total, 250 μL of 936 μM β-NADH and an equal volume of 300 μM NBT were added to 100 μL of sample solutions at a series of concentrations (μg/mL). The reaction was initiated by adding 250 μL of 120 μM PMS to the mixture, and then placed at room temperature for 5 min, and the absorbance was measured at 560 nm using an ELISA spectrophotometer (Synergy H4 Hybrid Reader). The control test was conducted as mentioned, but the sample was replaced with the same amount of ddH 2 O. All of these reagents were dissolved in a freshly prepared sodium phosphate buffer (pH 7.4). SOD (superoxidase) was used as the reference standard. The superoxide anion radical (O 2˙-)-scavenging activity (%) was calculated using the following formula:
Scavenging activity (%) = (A control (560nm) -A sample (560nm) ) / A control (560nm) x 100%. The IC 50 was calculated using linear regression analysis, and the experiment was performed in triplicate. The results were expressed as mean values ± SD.
Hydrogen peroxide scavenging activity of RSRS extracts and gallic acid:
The hydrogen peroxide-scavenging activity of the RSRS and gallic acid was measured using the method of Rinkus and Taylor [5e], with minor modifications. In brief, 500 μL of a sample was mixed with 200 μL of a 4 mM H 2 O 2 solution and incubated at room temperature for 20 min. It was then added to 300 μL of a horseradish peroxidase-phenol red solution (HRPase 500 μg/mL and phenol red 7.5 mM in 200 mM, pH 6.2 potassium phosphate buffer). After an additional 10 min of incubation at room temperature, the sample was placed in an ice bath for 10 min to stop the reaction; next, its absorbance at 610 nm was measured using an ELISA spectrophotometer (Synergy H4 Hybrid Reader). The blank comprised 700 μL of ddH 2 O and 300 μL of the HRPase-phenol red solution, and the control comprised 500 μL of ddH 2 O with 200 μL of 4 mM H 2 O 2 and 300 μL of the HRPase-phenol red solution; the catalase was used as the reference standard. The scavenging effect was calculated according to the following formula:
Scavenging activity (%) = (A control (610nm) -A sample (610nm) )/A control (610nm) x 100%. The IC 50 was calculated using linear regression analysis, and the experiment was performed in triplicate. The results were expressed as mean values ± SD.
Ferrous ion chelating activity of RSRS extracts and gallic acid:
The chelating of ferrous ions was determined using the method of Dinis et al. [5f] , wherein the ferrous ion-chelating ability of each RSRS extract and gallic acid was monitored using the absorbance of the ferrous ion-ferrozine complex at 562 nm. The reaction mixture, containing each RSRS extract, gallic acid, or standard compound of EDTA, FeCl 2 (2 mM), and ferrozine (5 mM), was adjusted to a total volume of 1 mL with methanol, shaken well, and incubated for 10 min at room temperature. The absorbance of the mixture was measured at 562 nm on an ELISA reader (Synergy H4 Hybrid Reader) against a blank. Lower absorbance indicated higher metalchelating activity. The ability of each RSRS extract or gallic acid to chelate ferrous ion was calculated using the following equation:
Chelating activity (%) = (1 -A sample (562 nm) / A control (562 nm) ) × 100.
The experiment was performed in triplicate. The results were expressed as mean values ± SD.
Ferric reducing antioxidant power of RSRS extracts and gallic acid:
The FRAP was conducted based on the method of Benzie and Strain [5g], with minor modifications. The FRAP reagent was prepared by mixing 300 mM acetate buffer (pH 3.6), 5 mM methanol TPTZ, and 20 mM ferric chloride (FeCl 3 ) (10: 1: 1, v/v/v). In brief, 25 μL of a sample solution (final concentration: 100 μg/mL) was mixed with 725 μL of the FRAP reagent for 4 min, and the absorbance was measured at 593 nm on an ELISA spectrophotometer (Synergy H4 Hybrid Reader). The data are expressed as the Trolox-equivalent capacity values (μM) based on the linear regression curve between Trolox concentrations and absorbance. The experiment was performed in triplicate. The results were expressed as mean values ± SD.
Phytochemical analysis of RSRS extracts
Total phenolic content: The total phenolic content of each RSRS extract was examined using the method based on a previous paper [5h], with minor modifications; gallic acid was used as the reference standard. Folin-Ciocalteu's reagent was 10 times diluted with distilled water and used for the colorimetric assay of phenolic and polyphenolic antioxidants. In brief, 500 μL of Folin-Ciocalteu's reagent was added to 100 μL of each extract solution. After 30 s, 400 μL of 7.5% Na 2 CO 3 was added, and the tube was incubated at 50°C for 30 min. The absorbance of the mixture was then measured at 600 nm on an ELISA reader (Synergy H4 Hybrid Reader) against a blank. The experiment was performed in triplicate. The results were expressed as mean values ± SD.
Total flavonoid content:
The total flavonoid content of each RSRS extract was examined using the method based on Quettier-Deleu et al.
[5h], with minor modifications. In brief, 500 μL of each RSRS extract solution or reference standard (rutin) was mixed with the same volume of 2% aluminum chloride, and then incubated at room temperature for 1 h. The absorbance of the mixture was measured at 430 nm on an ELISA reader (Synergy H4 Hybrid Reader) against a blank. The experiment was performed in triplicate. The results were expressed as mean values ± SD.
Total flavanol content:
The total flavanol content of each RSRS extract was estimated based on a previous method [5h]. Each RSRS extract solution or reference standard (epicatechin) was mixed with DMACA. The absorbance of the mixture was measured at 640 nm on an ELISA reader (Synergy H4 Hybrid Reader) against a blank. The experiment was performed in triplicate. The results were expressed as mean values ± SD.
